Objective: Reduced early insulin response has been shown to predict type 1 diabetes (T1D) in firstdegree relatives of diabetic patients, while its role, as well as that of insulin resistance, has remained poorly defined in young children representing the general population. The predictive values of these markers and their relation to other risk factors of T1D were assessed in children with advanced b-cell autoimmunity, i.e. persistent positivity for two or more autoantibodies. Design and methods: Intravenous glucose tolerance tests (IVGTTs) were carried out in 218 children with HLA-DQB1-conferred disease susceptibility and advanced b-cell autoimmunity. Baseline, metabolic and growth data were compared between children progressing to diabetes and those remaining unaffected. Hazard ratios for the disease predictors and the progression rate of T1D were assessed. Results: Children developing T1D were younger at seroconversion, progressed more rapidly to advanced b-cell autoimmunity and had lower first-phase insulin response (FPIR) and homeostasis model assessment index for insulin resistance (HOMA-IR) than those remaining non-diabetic. The levels of HOMA-IR/FPIR, islet cell antibodies, insulin autoantibodies (IAA) and islet antigen 2 antibodies (IA-2A) were higher in progressors. BMI SDS, FPIR, age at IVGTT and levels of IAA and IA-2A were predictive markers for T1D. Conclusions: Young age, higher BMI SDS, reduced FPIR and higher levels of IAA and IA-2A predicted T1D in young children with HLA-DQB1-conferred disease susceptibility and advanced b-cell autoimmunity. Disease risk estimates were successfully stratified by the assessment of metabolic status and BMI. The role of insulin resistance as an accelerator of the disease process was minor.
Introduction
The prediabetic phase of type 1 diabetes (T1D) is characterised by destruction of the pancreatic b-cells leading to reduced insulin release and decreased glucose tolerance. Diabetes-associated autoantibodies can be used as predictive markers of T1D, and the risk assessment may be stratified by studying the insulin secretion and insulin sensitivity among prediabetic first-degree relatives (1, 2, 3, 4) . The first-phase insulin response (FPIR) observed during an intravenous glucose tolerance test (IVGTT) provides information on the readily releasable insulin stored in the secretory granules located close to the b-cell membrane (5) . A reduced FPIR represents the first marker of impaired insulin secretion, and it may appear at an early stage of prediabetes (6, 7) . It has been suggested that insulin resistance can modify the progression rate of preclinical diabetes (8, 9) , implicating that increasing obesity in the childhood population might contribute to the rise in the incidence of T1D that has been observed over the last decades (10) . We assessed the role of FPIR, homeostasis model assessment index for insulin resistance (HOMA-IR) and insulin release-adjusted insulin resistance (ratio of HOMA-IR to FPIR, i.e. relative insulin resistance) as the predictors of T1D, and their interactions with other risk indicators in young children with signs of advanced b-cell autoimmunity, recruited from the general population on the basis of HLA-DQB1-conferred disease susceptibility.
Subjects and methods

Subjects and study design
The present study cohort comprises 218 participants in the Finnish Type 1 Diabetes Prediction and Prevention (DIPP) Study who were tested positive for more than one of four diabetes-associated autoantibodies (islet cell antibodies (ICA), autoantibodies against insulin (IAA), GAD (GADA) and/or islet antigen 2 (IA-2A)) in at least two consecutive samples, taken with a minimum of 3 months apart and have undergone an IVGTT by January 1, 2006 ( Fig. 1 ). Autoantibody analyses were performed as previously described (3) . According to earlier analyses regarding the predictive value of autoantibodies and their combinations, the 5-year disease risk associated with multiple (R2) autoantibody positivity varied between 16.7 and 69.6% (3) .
Participants were originally recruited to the DIPP Study as newborn infants, based on screening for risk-associated HLA-DQB1 genotypes defined by two risk-associated and two protective alleles. HLA-DR/DQ haplotypes relevant for risk determination were identified by using lanthanide-labelled sequence-specific oligonucleotides (11) . As further analyses of DRB1, DQB1 and DQA1 loci revealed later that some of the children actually carried neutral or slightly protective HLA-DQB1 genotypes ( Table 1) , risk estimates for genotype-associated disease were subsequently categorised into five groups (12 Figure 1 The DIPP study subcohort in the current analyses. IVGTT, intravenous glucose tolerance test. intervention trial of administration of intranasal insulin vs placebo. The intervention proved to have no effect on the progression to T1D (13) . Cases with T1D were diagnosed by the World Health Organization (WHO) criteria (14) and ascertained from the patient records of the University Hospitals of Turku, Oulu, and Tampere, and from the National Diabetes Register (15) . Follow-up for T1D continued until the end of October 2012. Local ethics committees had approved the protocol of the DIPP study. Written informed consents were obtained from the guardians of the participants before the commencement of the study procedures.
Metabolic and growth data
The standardised Islet Cell Antibody Register Users Study (ICARUS) protocol was followed while performing the IVGTTs (1). Samples for plasma glucose and serum insulin assays were taken after overnight fasting. The fasting state (pre-infusion) samples were drawn 1 and 5 min before i.v. glucose infusion (20% glucose solution given 0.5 g glucose/kg, maximal dose 35 g; infusion time 3 minG15 s). Further samples were taken at 1, 3, 5 and 10 min after the infusion. Plasma glucose concentrations were measured by an enzymatic method (16) and serum intact insulin with an enzyme-linked two-site immunoassay (17) . The intraassay coefficient of variation was 12.9% for the insulin analyses and 2.8% for the glucose assay. The FPIR was defined as the sum of post-infusion insulin concentrations at 1 and 3 min, while HOMA-IR represented the product of fasting glucose (mmol/l) and fasting insulin (mU/l) values divided by 22.5 (18) . HOMA-IR:FPIR ratio (HOMA-IR:FPIR) represented the relative insulin resistance. Children's height and weight were measured at each follow-up visit. Values obtained (kilogram and centrimetre) were adjusted for age and gender (19, 20) , and were given as SDS for height-for-age and BMI. Children with a BMI OC2 SDS were identified as overweight and those with a BMI OC3 SDS as obese (20) .
Statistical analyses
Predictive Analytics Software (PASW Statistic 20.0 release, Armonk, NY, USA) was used for the statistical analyses. As the majority of the continuous variables had skewed distributions, mainly non-parametric tests, e.g. Mann-Whitney U test, Kruskall-Wallis test, Wilcoxon signed-rank test and Spearman correlation analysis, were used. The c 2 test was applied for binary variables and the Kaplan-Meier log-rank test was used for the analyses of the rate of disease progression. Analyses of covariance were performed whenever appropriate. Hazard ratios (HR) for the factors potentially predictive for T1D were assessed in an ageadjusted manner with the Cox regression models. CIs were set at 95% and P!0.05 (two-tailed) was considered statistically significant. One child with unclear severe hyperinsulinemia was excluded from the analyses.
Results
Metabolic data were available for 218 subjects (129 males, 59.2%), 151 (69.2%) of whom developed T1D (progressors) at the median age of 6.4 years (range 1.6-16.8 years; Table 1 ). The median follow-up time since IVGTT for the 67 subjects remaining non-diabetic (non-progressors) was 8.8 years (range 6.8-15.0 years), and their age at the end of the follow-up was 13.3 years (8.5-17.0 years). Progressors and nonprogressors had similar distributions for baseline variables ( Table 1) , but progressors were younger at seroconversion and at all further time points regarding advanced seropositivity (Supplementary Table 1 , see section on supplementary data given at the end of this article). Also, the delays from initial seroconversion to persistent multipositivity and IVGTT were shorter in progressors. As the age at IVGTT correlated significantly with metabolic markers (Spearman correlation coefficient, r S Z0.44, P!0.001 for FPIR; r S Z0.41, P!0.001 for HOMA-IR and r S ZK0.14, PZ0.036 for HOMA-IR/FPIR), age-adjustment was used in further analyses whenever applicable. Regarding autoantibodies, progressors had both higher numbers of positive autoantibodies and higher levels of ICA, IAA and IA-2A throughout the follow-up, except at the initial seroconversion. Levels of GADA were comparable between the two groups during the whole follow-up (Supplementary Table 1 ).
In general, FPIR and HOMA-IR were higher in nonprogressors, while relative insulin resistance was higher in progressors (Table 1 and Fig. 2A, B , and C). Regarding HOMA-IR, the difference between the groups was small and the correlation between HOMA-IR and progression to T1D disappeared after adjustment for age (r S ZK0.04, PZ0.57). As expected, HOMA-IR was correlated with BMI SDS (r S Z0.17, PZ0.013). To study the predictive value of metabolic markers and BMI SDS, children were grouped by the quartiles of these variables, and the estimates of the disease progression rates of the different quartiles were compared with the log-rank test in the Kaplan-Meier analyses (Fig. 3A, B , C, and D). For FPIR, progression rate increased by the decreasing insulin secretion capacity, and all but the two middle quartiles differed significantly from each other. Regarding progression rates related to HOMA-IR, HOMA-IR/ FPIR and BMI SDS, mainly the highest quartiles differed from the other quartiles. The highest 5-year progression rates were observed for individuals belonging to the lowest FPIR quartile (81.5%; CI 71.1-91.9%) and highest HOMA-IR/FPIR quartile (75.9%; CI 64.5-87.3%) and comparably, the lowest progression rates were recorded for those within the highest FPIR quartile (21.4%; CI 10.6-32.2%) and lowest HOMA-IR/ FPIR (37.0%; CI 24.2-49.9%) quartile.
As obesity had been hypothesised to have an accelerating effect on the prediabetic disease process, we assessed whether increased BMI could explain the progression to T1D. In the current study cohort, there were 203 children with their height and weight data recorded both at seroconversion and at IVGTT. At seroconversion, the median BMI for the 65 nonprogressors and 138 progressors were 0.2 SDS (range K1.7 to 2.2 SDS) and 0.5 SDS (range K1.8 to 5.5 SDS; PZ0.004) respectively. The median decrease in BMI during the follow-up from seroconversion to IVGTT was similar (0.2 SDS; PZ0.703) in both groups and did not correlate with progression to T1D (r S ZK0.034, PZ0.704). However, in the Kaplan-Meier analysis, the highest and the lowest BMI SDS quartile groups differed from each other only if the obese children (nZ6) were included in the analysis (Fig. 3D ). Moreover, even if the BMI SDS was the main independent predictor for T1D in the Cox regression analysis ( Table 2 ; HR 1.354, CI 1.137-1.613) in the whole cohort, this was not the case after excluding the obese children from the analysis. When the subcohort of the non-obese children (nZ212) was analysed, age at IVGTT, FPIR and IAA levels remained as significant predictors, while the ICA titre (HRZ1.001, CI 1.000-1.001; PZ0.006) replaced the IA-2A level as an independent predictor for T1D.
Discussion
We studied the prognostic value of metabolic data obtained soon after the confirmation of advanced b-cell autoimmunity in young children from the general population, carrying HLA-DQB1-conferred susceptibility to T1D. Our main aims were to test the hypothesis that obesity-related insulin resistance might modify the disease process, to confirm the role of a reduced FPIR as an important risk factor for rapid progression to T1D, and to assess the interactions and significance of the various disease risk factors present at the time of the IVGTT in children from the general population.
Although all children in the current study cohort had fulfilled the criteria of advanced b-cell autoimmunity before IVGTT, their progression rate to T1D was highly variable. In these children, the baseline factors, such as gender, HLA-DQB1 genotypes, insulin and PTPN22 gene polymorphisms, and the family history for T1D, could not identify individuals with rapid disease progression. This may be due to the inclusion criteria used, resulting in a relatively homogeneous study population, but may also reflect the idea that factors contributing to the initiation of the disease process might be different from those driving the process towards overt disease. However, as previously shown (2, 3, 6, 21, 22) , several of the factors associated with the initiation of b-cell autoimmunity do contribute to the phenomena associated with the progression rate, such as age at initial seroconversion, the pace of progression towards persistent multipositivity and autoantibody levels. The current study confirmed the prior observations that progression to T1D is related to young age at seroconversion, early progression to multipositivity, higher numbers of detectable autoantibodies and to higher levels of ICA, IAA and IA-2A (1, 2, 3) .
Regarding IVGTT and metabolic data, the young and relatively variable age of the participants complicated the analyses. First of all, for HOMA-IR or HOMA-IR/FPIR scarcely any comparable age-adjusted data from a healthy, non-obese reference population was available, and second, as FPIR, HOMA-IR and HOMA-IR/FPIR correlated strongly with the age at IVGTT, age adjustments were required in the analyses. However, we confirmed that a low FPIR (!24 mU/l) identifies the future cases of T1D with high accuracy (5-year progression rate O80%), while children with reasonably high insulin secretion (FPIRO59 mU/l) remain unaffected for several years (5-year progression rate 21%), although they already have signs of advanced b-cell autoimmunity.
The observation that HOMA-IR was remarkably low in the current cohort, and especially that it was slightly higher in non-progressors, implicates that the role of insulin resistance may be modest in the prediabetic process in young, mainly non-obese children. However, there were indications that both obesity-related insulin resistance and insulin resistance occurring in parallel with a reduced insulin secretion may modify the disease risk. These include the findings that HOMA-IR/FPIR was higher in progressors, it correlated positively with BMI SDS and the fact that in the Kaplan-Meier analyses assessing the rates of disease progression, the difference between the two highest BMI quartiles disappeared after excluding the obese children from the analysis, as did the significance of BMI as an independent predictor of T1D in the Cox regression analysis. Our current findings are in line with the results of the British study on identical twins (23) and the data from the European Nicotinamide Diabetes Intervention Trial (ENDIT; (24) ). In both studies, HOMA-IR was an independent predictor of T1D only in subjects with reduced FPIR, not in the whole study cohorts. The observation that both in the Diabetes Prevention Trial-Type 1 (DPT1) Study and in the Childhood Diabetes in Finland Study (DiMe) HOMA-IR and FPIR/HOMA-IR were predictive indicators for T1D (2, 4) might be explained by the older age of the study participants. In all, it seems that even if a low-grade insulin resistance is unable to shift glucose metabolism towards diabetes in individuals with normal FPIR, it might do so in individuals with reduced insulin release.
To conclude, the role of insulin resistance as an accelerator of the prediabetic disease process of T1D seems to be minor. However, the assessment of the metabolic status provides important information regarding the stratification of the disease risk in prediabetic children. This information can be applied in intervention trials aimed at preventing T1D: for the identification of the optimal trial participants, for the assessment of the metabolic changes during and after the treatment and as guidance in the interpretation of the study results.
